Abstract: Dichroic filters with the hexagonal lattice of circular holes are used as fundamental devices for frequency selection from the infrared to the terahertz (THz) region. In the fabrication of such a high-density periodic array by the contact-mode photolithography, the depth of focus (DOF) turns out to be tremendously shrunk for ideal pattern contrast. In this paper, near-field diffraction of the hexagonal lattice was analytically treated, and the tolerant DOF was estimated in terms of the Talbot distance in photolithography. Affine transformation was applied to the rectangular lattice to derive the near-field diffraction intensity, and a process factor k 2 was introduced to predetermine the practical DOF in photolithography. Numerical calculations according to the analytic predication agree well with the preliminary experiments, where the intensity evolved drastically to suppress the limited DOF zone. It was also revealed that the practical DOF can be improved by eliminating the high-order diffraction or using the photoresist with higher threshold energy to enhance the process factor. The analytic and experimental results can be used to optimize the high-contrast patterning by optical lithography.
I. Introduction
Metal mesh filters, or frequency selective surfaces (FSSs), are used as fundamental devices in applications ranging from the near-infrared to terahertz and microwave region, such as the thermal radiation blocking in photometric measurement [1] , [2] ; Fabry-Pérot interferometry [3] , [4] ; and THz or far-infrared astronomy [5] - [7] and spectroscopy [8] , [9] ; as well as the subwavelength features for surface plasmonics [10] - [12] , etc. Usually, the FSSs are made up of 2-D periodic arrays of perforated holes with varied geometries and dimensions to tune the spectral behavior in a predetermined way. As one typical type, those made up of the hexagonal array of closepacked circular holes are the dichroic filters to split the broad-band radiations into different spectral regions. Due to their excellent cutoff behavior and stop-band or side-band rejections, the dichroic filters also act as band-pass, stop-band and even high-pass filters in many infrared and terahertz scenarios [13] - [15] . In most cases, the dichroic filters are composed of high-density periodic arrays of circular holes in a hexagonal arrangement for high porosity (i.e., the geometric proportion of perforated to blocked area), because the filter transmission rises to the value of porosity for frequencies above the diffraction limit [13] , [14] . Traditional ways to fabricate the dichroic filters include the commercialized precise printing [16] and the mechanic milling process [14] . The former uses jet printing and electroforming to fabricate features at sub-millimeter level and the latter uses digitally controlled drilling for feature dimensions that lies in the THz and millimeter regions.
However, for feature sizes below the magnitude of hundred microns or even close to the near infrared region, appreciable extra errors might be introduced by the manufacture process, where inaccurate and unexpected spectral results can be produced. As a result, the popular LIGA process in microfabrication becomes an alternative to prototype the infrared or THz cross-shaped metal mesh filters [2] , [17] . During this process, photolithography is commonly employed to replicate the periodic features followed by metal plating as well as final lift-off. But it tends to be challenging to produce the high-density periodic array by conventional photolithography, due to the substantially shrunk depth-of-focus (DOF) incurred by the near-field diffraction. In our attempt to replicate the high-density hexagonal array of holes for the dichroic filters, we found that slight changes to the thickness of resist coating or UV dose would significantly influence the pattern contrast, e.g., residuals left or even closed holes. The diffraction intensity evolves drastically to shrink the amount of tolerant defocus so that the DOF becomes ultra-short in this case. To extend the DOF for high-resolution patterning of periodic lattices, possible candidates have been proposed recently: the displacement Talbot lithography (DTL) [18] , the spectrum-integral Talbot lithography (STIL) [19] and the so-called Talbot lithography [20] . The DTL method moves the resist-coated substrate towards the mask during exposure to integrate the diffraction intensity over one Talbot period. The STIL method uses chromatic illumination for Talbot lithography to generate successive intensity within the substantially extended DOF. However, precise vertical control in the STIL and DTL process becomes highly demanding and cost-inefficient. The process of Talbot lithography also needs precise vertical control for self-imaging and sometime an extra illumination system of exposure optics is involved [21] .
Under this circumstance, the contact-mode photolithography still remains the preferable candidate in terms of the good trade-off among patterning size, resolution and throughput. To fabricate the dichroic filter composed of high-density hexagonal array of holes with high throughput in practical photolithography, the near-field diffraction intensity and the tolerant DOF in practical photolithography must be predetermined. Although the near-field intensity profile was experimentally explored in a soft lithography process by Whitesides group [22] , [23] , the near-field diffraction of 2-D periodic array, specifically the hexagonal lattice and its effect to DOF were not treated. In this paper, we analytically treat diffraction behavior of the hexagonal array in a scalar-based manner, and derive the DOF in by correlating the Talbot distance and introducing a process factor. Diffraction intensity is derived by considering the hexagonal array as an affine transformation of the rectangular array. The numerical results in accordance with the analytic model confirm the rapidly evolving intensity profile and the shrunk DOF as observed in our preliminary experiments. Further calculations and confirm the analytic results that the DOF can be compressed by the high-order diffraction, and ultimately contingent on the resist behavior. As a result, both the analytic predication and experimental results provide the guidance for practical contact-mode lithography, especially for applications where high aspect ratio or high pattern contrast is imperative.
II. Theoretical Background
Insofar as the scalar diffraction theory, the first Rayleigh-Sommerfeld solution is regarded as the most accurate prediction of diffraction field for any plane apertures. As subsequently proved by Lalor and Sherman [24] , [25] , the angular spectrum approach is used as another equivalent expression for convenience of analytical and numerical treatment, i.e.,
where, Uðf x ; f x Þ denotes the spectrum of complex field E ðx ; y ; 0Þ across the aperture AE (i.e., the z ¼ 0 plane), no paraxial approximation is assumed, and ( r is implied, where r is the propagation distance in the near-field. The angular spectrum method treats diffraction as propagation of various Fourier components in different directions. Therefore, the diffraction field E ðx ; y ; zÞ is regarded as the convergence of all planar waves propagating from the z ¼ 0 plane, by introducing the distance related phase factor exp ðikzÞ ¼ exp ikz
Obviously, (1) can be treated as an inverse Fourier transform of product of original spectrum and the phase factor, and the angular spectrum formula renders more conveniences for numerical solutions by resorting to the fast Fourier transform (FFT) algorithm.
For any 2-D periodic aperture, the diffraction field can be regarded as recombination of a discrete series of diffracted waves (orders) propagating from the aperture plane. Namely, at the normal incidence of a monochromatic planar wave, the diffracted amplitude can be expressed as
where, A m;n is the Fourier coefficient of the 2-D periodic object, p and q are the periods along x and y direction. To phase factor can be expanded using Taylor series
Obviously, the second term at the right side of (4) incurs high-order phase shift in addition to linear phase shift expðikzÞ, which is only determined by axial propagation distance. It is the high-order phase shift that intrinsically incurs phase asynchronization and thus tends to deteriorate the x À y periodicity of near-field diffraction.
As a result, (3) and (4) reveals the basics of defocus in the contact-mode photolithography. Meanwhile, (3) also indicates the well-known Talbot effect in such a way that the x À y periodicity of the diffracted field can be resumed only when the high-order phase shift synchronizes with the linear phase shift, i.e.,
From (5), the Talbot distance can be defined for all ðm; nÞ orders
Specifically, for the 2-D periodic aperture with the same pitch ðp ¼ q ¼ PÞ along the x and y axis, the maximum distance for self-imaging Z T max , namely the Talbot distance, is defined by the (1, 0) or (0, 1) orders and the counterparts of their integer multiples, i.e.,
III. Analytical Scheme
A. Talbot Imaging of the Hexagonal Array
To analytically probe near-field diffraction of the hexagonal lattice of circular holes, the method of coordinate transformation was used here. Since the hexagonal array is not periodic along the x and y axis, but two directions with an included angle of ¼ 60 o , it can be regarded as an affine transformation of the rectangular array, shown in Fig. 1 . Namely, the rectangular array with coordinates ðx ; y Þ can be transformed to the hexagonal array with new coordinates ðx 0 ; y 0 Þ, i.e.,
For the square array, transmission function can be expressed as
where, B m;n is the Fouriers coefficients and P is the pitch along x and y axis. By substituting (8) into (9), the transmission function Hðx 0 ; y 0 Þ of the hexagonal array with the same pitch P can be expressed as
As a result, diffraction field of the hexagonal array can be predicated from (3), by introducing a similar phase factor into (10), namely E Hexa ðx ; y ; zÞ ¼ X ðm;nÞ B m;n exp ikz
where Fig. 1 . Schematic of affine transformation of coordinates from the square array to hexagonal array.
is the equivalent period for the ðm; nÞ order Talbot imaging. Similar to (3), the phase factor in (11) also induces higher-order phase shift in addition to linear phase shift. The x À y periodicity in diffraction field of the hexagonal array can also be resumed when the high-order phase shift synchronize with the linear phase factor. Therefore, the ðm; nÞ order Talbot distance of the hexagonal array, Z Hðm;nÞ , can be also determined from the phase factor in a similar way as (5)-(7), i.e., Z Hðm;nÞ ¼ P
Specifically, when ðm; nÞ ¼ ð1; 0Þ or (0, 1), the equivalent period to define the maximum Talbot distance becomes P Hexa ¼ P 1;0 ¼ P 0;1 ¼ P sin , and the Talbot distance of the hexagonal array can be expressed as
Therefore, the near-field diffraction and Talbot distance of the hexagonal array were explored in different manner, by applying an affine transformation to rectangular array. This result agrees well with previous reports about the Fresnel images of hexagonal pattern [26] .
B. Depth-of-Focus in Contact Photolithography
In contact photolithography, diffractions occur right underneath the mask pattern to cause degradation of pattern contrast within the photoresist film. Therefore, defocus of such lensless aberration-free system can be attributed to the near-field diffractions only. In our case, the pitch of hexagonal array is much larger than the wavelength, thus DOF can be defined in terms of the low-NA system in the context of near-field Talbot imaging.
Furthermore, in the low-NA near-field imaging system, the tolerance of resolution can be conservatively defined by the ±1 orders with lowest spatial frequency, e.g., the pitch of periodic array. According to Rayleigh's criterion, DOF of a low-NA system can be defined as the defocus amount that induces one quarter wavelength of wavefront aberration. Without considering resolution of the imaging medium (i.e., the photoresist), DOF can be estimated as the maximum allowable defocus that cause =4 of wavefront aberration between the zero order and ±1 orders, as shown in Fig. 2, i. e., where OPD is the optical path difference defined for defocus aberration, and max is the tolerance of defocus. Therefore, the maximal allowable DOF can be estimated as
Substituting the diffraction equation P sin ¼ into (15) , according the (7) and (13), the maximal DOF can be simplified as
where Z T max is used to denote the Talbot distance for the periodic array, including the 2-D hexagonal and rectangular array, and P is the pitch of 1-D array, or the equivalent pitch of 2-D array. As a matter of fact, the DOF can be much smaller than the value of Z T =4, even without considering the chemical response of photoresist. On one hand, participation of higher orders in near-field diffraction causes additional aberrations so that practical DOF can be further shrunk.
On the other hand, the response of photoresist (e.g., threshold of chemical reaction) also determines the tolerant DOF within which allowable pattern contrast can be obtained. Meanwhile, in the projection photolithography system, especially where immersion fluid with high-index are used to increase the numeric aperture (NA), the factor k 1 are used to express the diffraction-limited and process-related resolution, where attempts have been made to reduce k 1 for resolution enhancement in the past decades. For our case, a similar process factor can be defined for the contact photolithography, so the actual DOF can be expressed as
Notably, the allowable defocus in contact photolithography defines the tolerant distance just on one side beneath the mask plane, which is regarded as the perfect imaging plane, shown in Fig. 2 . Therefore, the DOF defined here is half of that in the common optical system. Reference [27] also mentioned the DOF in proximity Talbot lithography, but the process factor is not taken into account for accurate and practical estimation.
IV. Results and Discussions
In our experiments, hexagonal array with period of 12.5 m and diameter of 10 m were used as the mask pattern for contact photolithography. The photodefinable resin ZKPI-520 (POME, China), a type of polyimide-based negative resist, was selected for pattern replication for its superior mechanical property for the filter substrates. The resist was first spin-coated at 1000 r/min and exposed under the i line (365 nm) ultraviolet (UV) illumination in a mask aligner. In the preliminary experiment, the near-field diffraction and actual DOF of hexagonal array was not taken into consideration. It was found that, even under very low UV energy, i.e., 16.5 mW/cm 2 for 7.5 seconds or even gradually down to 3 seconds in original experiments, the resists were readily overexposed, especially the hexagonal array was fully unperforated, shown in Fig. 3 . To attribute such imperforation to overexposure and the near-field diffraction that shrunk the DOF of contact photolithography, spinning was performed at higher speed for thinner resist coating and exposure time was shortened. Fig. 4(a) and (b) show the results when the spinning speed was improved to be 1500 rpm and exposure time was shortened to be 2 and 1 seconds, respectively. Surprisingly, still no obviously perforated array can be observed except a few open holes around the border region, where resist coating is thinner and better contact can be involved. When the spinning speed was improved to 3000 rpm and 5000 rpm for thinner resist coating below 5 m and 3 m, large area of fully perforated holes array can be ultimately obtained, shown in Fig. 4(c) and (d) . Notably, there are residual central peaks or cured dots within the circular holes, even the ideally perforated holes in Fig. 4(d) .
Obviously, above results revealed the substantially shrunk DOF for contact-mode photolithography in this case. To estimate the maximal defocus for allowable pattern contrast, the near-field diffraction intensity was numerically calculated according to (11) by the FFT algorithm in MATLAB. The hexagonal arrays of circular holes, with the same diameter of 10 m but different periods of 12.5 m, 15 m, and 20 m, were used for comparisons. The diffraction intensity was sampled at different distances along the direction of propagation to estimate the pattern contrast as well as the tolerant defocus in an approximate manner, shown in Fig. 5 . First, the central peaks of cured resist apparently appear in the numerical results, which are in good agreement with the experimental results in Fig. 4 . Further, diffraction intensity within defocus of 0:01Z Hexa assumes good contrast from the pattern's point of view, as shown in Fig. 5(a), (d) , and (g), where Z Hexa is the Talbot distance for hexagonal array. For larger defocus at increased distances, Ultimately, the practical DOF in contact-mode photolithography is determined by the resist that records the diffraction intensity. In the experiments above, fully perforated hole array can only be obtained by optimized ultra-low UV dose on resist-coatings with thickness below 10 m, i.e., the practical DOF is much lower than the numerical prediction (19.2 m). In another experiment, the resist was replaced by SU-8 to print the same array with diameter of 10 m and period of 12.5 m. Large area of fully perforated circles can be readily produced, even under relatively higher UV dose for thicker resist coating (spinning at 1000 rpm for thickness around 15 m and UV exposure for 8 seconds) and no visible central dots remain, shown in Fig. 6 . So the DOF of contact photolithography using SU-8 is closer to the numerical value. Practically, experiments by these two types of resist prove that the practical DOF is to a great extent determined by the resist behavior, e.g., the photosensitivity or threshold energy. Our results suggest that SU-8 is less sensitive and has higher threshold energy for chemical reaction than PSPI-520 and, thus, corresponds to larger DOF in practical.
According to the analytic results in (16)- (18), DOF in contact photolithography of periodic array is below one quarter of the Talbot distance due to aberrations caused by high-order diffraction. For numerical elucidation, diffraction intensity along the direction of propagation was computed for the periodic array with rectangular profile. As shown in Fig. 7(a) , the tolerant DOF is much less than one quarter of the Talbot distance due to overlap of all diffraction orders, i.e., extra aberrations were incorporated besides that caused by the ±1 orders. When high orders are eliminated to leave the ±1 orders that exclusively contribute to the defocus, the DOF can ideally approximate to one quarter of the Talbot distance, as shown in Fig. 7(b) . In the case of Fig. 7(a) , the practical DOF within the Z T =4 zone is to be determined by the final resist behavior, i.e., higher threshold energy can extend the DOF to a larger value but with the sacrifice of lower resolution. Overall, the DOF for either case is strictly less than one quarter of the Talbot distance depending on the process condition, which is in good agreement with the experimental and numerical results above. Therefore, the process factor k 2 introduced in (18) 
V. Conclusion
In conclusion, the near-field diffraction of high-density hexagonal array was analytically treated in a scalar-based manner to optimize the process of photolithography for fabrication of the dichroic filters. To determine the DOF in contact-mode photolithography, the diffraction intensity of hexagonal lattice was derived in terms of Talbot imaging by applying an affine transformation to the rectangular lattices. The tolerant DOF is derived in terms of the Talbot distance and the practical DOF is semi-empirically estimated by introducing a process factor similar as that in projection lithography. The computational results reveal the rapidly evolving diffraction intensity as well as the significantly shortened DOF in original experiments, which are in good agreement with the analytic predication. Ultimately, the DOF of practical photolithography can be greatly improved by removing high-order diffraction, i.e., using gratings with the sinusoidal profile, or using resists with higher threshold energy. Our results can be used to optimize and predetermine the process of lithography, especially for the sake of high aspect ratio or high pattern contrast in some applications.
